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Whole  air  samples  were  obtained  in  the  stratosphere  using  a  liquid  helium-cooled  cryosampler  mount¬ 
ed  on  a  balloon  platform.  Approximately  1  g  mol  of  sample  was  obtained  at  each  of  three  altitudes  per 
balloon  flight  and  was  maintained  at  4  K  until  desorption  just  prior  to  analysis.  Samples  were  obtained 

'  1 64*N 


at  six  altitudes  ranging  from  12  to  30  km  and  at  five  latitudes  from  9*  to  I 


.  Nitric  oxide  and  the  sum 


of  nitric  oxide  and  nitrogen  dioxide  content  of  the  samples  were  determined  using  two  chemilumi¬ 
nescence  analyzers.  Results  from  flights  conducted  between  1977  and  1981  are  correlated  with  atmo¬ 
spheric  motions  and  other  significant  variables  and  evaluated  in  terms  of  both  one-  and  two-dimensional 
models  of  the  stratosphere- 


7 


1.  Introduction 


Concern  arose  in  the  early  1970’s  that  anthropogenic  influ¬ 
ences  might  lead  to  catalytic  destruction  of  the  ozone  layer. 
Oxides  of  nitrogen  from  the  exhausts  of  supersonic  transports 
[ Johnston ,  1971]  and  photodissociation  of  fluorocarbons  as 
they  diffuse  upward  [Molina  and  Rowland,  1974]  were  postu¬ 
lated  to  be  the  principal  agents.  Subsequent  studies  have  di¬ 
minished  the  level  of  concern  over  aircraft  emissions  [e.g., 
Oliver  et  ai,  1977],  Nevertheless,  sufficient  uncertainty  exists 
regarding  the  fate  of  the  ozone  layer  [Federal  Aviation  Admin¬ 
istration,  1981;  National  Research  Council,  1983]  to  warrant 
continued  investigation. 

A  research  program  was  initiated  at  Air  Force  Geophysics 
Laboratory  (AFGL)  (then  Air  Force  Cambridge  Research  La¬ 
boratories)  to  obtain  whole  air  samples  in  the  stratosphere 
using  a  balloon  platform.  The  air  was  to  be  sampled  cryogeni- 
cally.  maintained  as  a  cryofrost  near  4  K  until  just  prior  to 
analysis,  and  subsequently  analyzed  for  NO,  and  fluorocar¬ 
bon  content.  A  major  advantage  of  this  approach  is  that  it 
afTords  the  opportunity  to  obtain  values  for  both  NO  and 
NO,  simultaneously,  a  situation  not  possible  with  most  of  the 
alternate  experimental  techniques  reported.  A  series  of  24  bal¬ 
loon  flights  was  conducted  between  1975  and  1981.  NO  and 
NO,  results  from  flights  conducted  between  1977  and  1981  are 
reported  herein  and  compared  with  the  predictions  of  several 
stratospheric  models.  Also,  individual  measurements  are  cor¬ 
related  with  specific  air  masses,  tropopause  height  differences, 
and  diurnal  variations.  At  the  lower  altitudes,  possible  hyro- 
carbon  influences  and  local  anthropogenic  sources  are  also 
considered.  The  fluorocarbon  results  have  been  reported  sep¬ 
arately  [Gallagher  et  ai,  1983]. 


2.  Experimental 


2. 1 .  Program  Overview 

Whole  air  sampling  is  accomplished  using  an  evacuated  cyl¬ 


inder  immersed  in  a  dewar  of  liquid  helium.  Initially,  a  single 
sample  was  obtained  ( ~  1  g  mol)  per  flight.  Subsequently,  a 
sampler  with  three  sample  chambers  (trisampler)  was  incor¬ 
porated  into  the  program.  The  trisampler  captured  air  sam¬ 


ples  at  three  altitudes  on  a  single  flight.  Sampling  is  initiated 
by  a  remotely  activated  valve.  The  sampling  rate  can  be  main¬ 
tained  sufficiently  low  so  that  molecules  deposit  on  first  con¬ 
tact  with  a  near  4  K  surface.  This  technique  avoids  creation  of 
a  potentially  dense,  cooled  gaseous  cloud  within  the  sample 
chamber.  Metastable  species  arc  therefore  collected  without 
alteration  of  mixing  ratios. 

The  cross  section  of  the  trisampler  is  shown  in  Figure  1. 
The  nested  chambers  for  liquid  helium,  liquid  nitrogen,  and 
vacuum  provide  a  sample  holding  time  of  about  28  hours 
under  static  conditions.  Details  of  the  rest  of  the  flight  pack¬ 
age  and  the  flight  profile  are  described  elsewhere  [Gallagher  et 
al.,  1981,  1983].  Typically,  the  balloon  is  launched  at  dawn  so 
that  sampling  is  restricted  to  daylight  hours.  Three  samples 
are  obtained  per  flight  and  maintained  near  4  K  from  the  time 
of  the  sampling  until  desorption  just  prior  to  analysis. 

Samples  are  collected  only  during  the  descent  phase  (typi¬ 
cally  at  a  rate  of  30  m/min).  An  axial  fan,  downstream  of  the 
sampling  valves,  draws  air  up  from  below  the  gondola 
through  a  stainless  steel  intake  tube,  7.6  cm  in  diameter  and  6 
m  in  length. 

Chamber  flow  tests  (C.  Sherman,  private  communication, 
1983)  show  that  the  volumetric  displacement  of  the  fan  is  rel¬ 
atively  steady  at  about  40  cfm  (19  L/s)  for  altitudes  below  25 
km,  with  a  decrease  in  efficiency  above  this  altitude.  At  30  km, 
the  operation  is  about  two-thirds  the  rated  capacity.  These 
conditions  result  in  a  laminar  flow  regime  at  all  but  the  lowest 
sampling  altitudes  where  the  flow  is  in  the  transitional  flow 
regime.  At  the  sampling  point,  air  is  drawn  into  one  of  three 
2.5-cm  OD  tubes  (one  for  each  cryosampler  volume),  located 
radially  120°  apart  such  that  they  terminate  at  the  circumfer¬ 
ence  of  a  2.5-cm  circle  concentric  with  the  tube.  Thus  the 
sample  is  effectively  drawn  from  the  central  2.5-cm-diameter 
core  of  the  flow  in  the  sampling  tube.  The  potential  effects  of 
this  flow  field  and  passage  through  the  sampling  tube  are 
addressed  in  the  next  sectior 

The  intake  tubing  undergoes  a  thorough  cleaning  p.  .  ,  to 
launch  day  and  is  then  encased  in  polyethylene  which  is  pulled 
away  at  launch.  A  trickle  flow  of  helium  is  maintained 
through  the  tubing  from  the  encasement  until  shortly  prior  to 
launch  [ Gallagher  et  ai,  1981.  1983]. 


This  paper  is  not  subject  to  U.S.  copyright.  Published  in  1985  by 
the  American  Geophysical  Union. 
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2.2.  Sampling  Tube  Characteristics 

Once  the  air  sample  is  removed  from  the  ambient  strato¬ 
sphere.  the  photolytic  mechanisms  driving  the  in  situ,  steady 
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LHf  FILL  a  VENT  POUTS  - 


MOUNTING  FLANGE  FOR  OVERPRESSURE 
RELIEF  DEVICE.  RATED  I96pwe 

j  MOUNTING  POINT  FOR  REMOTE 

A  llfflIffeC0NTR0LLED  SAMPUNG  VALve 

|7  B4-PUMP-OUT  PORT  FOR  GAS  SAMPLE 
b-tf  K7  CYLINDER 

-  1  II  fT~l  OT  3  LN,  FILL  a  VENT 

1  If' - _  If  PORTS 


_  ■  .  «  .  • 
■  -  •  I 

v>v>j 


-I  OF  3  AIR  SAMPLE  TUBES 
BUILT  FOR  USE  AT  A 
PARTICULAR  ALTITUDE 


-THERMOCOUPLE 
TEMPERATURE  MONITOR 


-I  OF  3  SAMPLE  CYLINDERS 


WALLS  OF 
516  SST 


•::,d 


VOLUME  m 
2  LITERS 


THERMAL  SHIELDING  - 
VACUUM 


THERMAL  SHIELDING- 
VACUUM  PRESSURE 
MONITORING  PORT 


.-THERMAL  SHIELDING  VACUUM 
PUMP-OUT  PORT 


V-W.-I 

*  s'  s'  • 


Fig.  1.  Cryogenic,  triple  sampler  used  lo  obtain  whole  air  samples  at  three  stratospheric  altitudes  per  balloon  flight. 
Overall  height  is  127  cm,  liquid  r  .ogen  capacity  is  24  L,  and  liquid  helium  capacity  is  42  L.  The  internal  air  sample  tubes 
are  designed  for  specific  altitudes  so  that  a  1  g  mol  sample  quantity  can  be  obtained  in  about  $0  min. 


state  chemistry  cease.  Thus  the  composition  of  the  sample  can 
relax  during  its  passage  to  the  sampler.  Radial  diffusion  to  the 
tube  walls  may  play  a  role  in  altering  the  composition  from 
that  in  the  ambient  as  a  result  of  selective  loss/production  of 
certain  species  and/or  heterogeneous  reactions.  Thus  it  is  im¬ 
portant  to  consider  these  issues  in  the  sampling  context.  In 
this  regard,  it  is  quite  difficult  to  precisely  duplicate  in  the 
laboratory  all  the  conditions  that  characterize  the  operation  of 
the  sampling  tube  in  the  stratosphere.  For  the  current  work,  a 
numerical  model  was  developed  to  assess  species  behavior  in 
the  sampling  tube.  The  results  of  a  recent  study  using  this 
model  [Ca/o,  1984]  are  summarized  herein. 

The  model  is  based  on  the  application  of  a  general  purpose, 
homogeneous,  multireaction  chemical  kinetics  code 
(CHEMSEN)  [see  Kramer  et  al.,  1982]  to  a  32  reaction  (50 
when  heterogeneous  wall  loss  is  included),  23  species  (42  with 
adsorbed  or  heterogeneously  consumed  species)  stratospheric 
kinetic  model  (see  Table  I),  modified  to  take  into  account 
heterogeneous  interactions  with  the  tube  wall.  The  rate  pa¬ 
rameters  were  taken  primarily  from  a  National  Aeronautics 
and  Space  Administration  [1982]  report,  and  representative 
ambient  concentrations  were  obtained  from  a  World  Meteoro¬ 


logical  Organization  [1982]  report  and  from  Fabian  et  al. 
[1982], 

Since  the  basic  code  as  originally  developed  was  intended 
for  homogeneous  batch  reaction  systems  (i.e„  “closed”  homo¬ 
geneous  chemical  kinetic  systems),  heterogeneous  wall  loss 
rates  due  to  radial  diffusion  had  to  be  estimated  and  trans¬ 
formed  into  equivalent  pseudohomogeneous  reactions.  This 
approach  exploited  the  difference  in  time  scales  for  radial  dif¬ 
fusion  (t<)  and  axial  convection  (rc)  in  the  sampling  tube.  For 
t, «  xt  (as  is  the  case  for  altitudes  above  -  20  km),  the  steady 
state  radial  concentration  profile  due  to  diffusion  is  rapidly 
established  in  comparison  to  the  residence  time  in  the  sam¬ 
pling  tube,  assuming  the  familiar  Bessel  function  form  for  cy¬ 
lindrical  geometry.  This  profile  was  used  to  obtain  an  analyti¬ 
cal  expression  for  the  effective  pseudohomogeneous,  first-order 
rate  constant  k'  for  the  wall  loss  as  a  function  of  the  fraction  / 
of  the  upper  limit  rate  for  instantaneous  reaction  at  the  wall 
(i.e.,  the  completely  diffusion-limited  case,  /=  I).  In  other 
words,  the  heterogeneous  wall  loss  rate  was  transformed  to 

-  =  k‘Cm 

where  is  the  mean  concentration  of  a  particular  species  in 
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TABLE  1.  Stratospheric  Kinetic  Model 


*2 

Num- 

Aa* 

E • 

ber 

Reaction 

(s  mol/cm3)'1 

cal/mol 

Bimolecular  Reactions 

i. 

O  +  O,  -  202 

0.90  x  10* 3 

4407. 

2. 

NO,  +0-NO  +  Oj 

0.56  x  10* 3 

0. 

3. 

O,  +  NO  -  NOj  +  02 

0.13  x  1013 

2841. 

4. 

NO  +  CIO  *  NOj  +  Cl 

0.37  x  10* 3 

-584. 

5. 

NO  +  H02  -  NOj  +  HO 

0.22  x  !013 

-All. 

6. 

NO, +  0,-NO, +  0, 

0.72  x  10" 

4868. 

7. 

NO,  +  NO  -*  2  NO, 

0.12  x  1014 

0. 

8. 

HNO,  +  HO  -  NOj  +  HjO  +  Oj 

0.78  x  10' 2 

-755. 

9. 

HNO,  +  HO -NO,  +  H20 

0.57  x  10‘° 

-1546. 

10. 

HO,  +  HO  .  HjO  +  02 

0.48  x  1014 

0. 

11. 

HO,  +  HO,  -  HjO,  +  Oj 

0.18  x  1013 

0. 

12. 

HO,  +  O  .HO  +  O, 

0.18  x  1014 

-397. 

13. 

HO,  +  CIO- HOO  +  Oj 

0.28  x  1012 

-1411. 

14. 

HO,  +  O,  —  HO  +  20j 

0.84  x  1010 

1152. 

15. 

HO  +  O,—  HOj  +  O, 

0.96  x  1012 

1868. 

16. 

HO  +  O-H  +  0, 

0.132  x  10“ 

-232. 

17. 

HO  +  CO-H  +  CO, 

0.81  x  10" 

0. 

18. 

HO  +  H,  —  H  +  H,0 

0.37  x  1013 

4034. 

19. 

HjOj  +  HO-HjO  +  HO, 

0.19  x  10* 3 

372. 

20. 

Cl  +  O,  -  CIO  +  O, 

0.17  x  10“ 

Sll. 

21. 

CIO  +  O-Cl  +  O, 

0.46  x  10‘4 

258. 

22. 

N,0,  +  M  -  NO,  +  NO,  +  M 

0.14  x  I000 

0. 

23. 

a  +  H,-H  +  HC1 

0.22  x  10“ 

4570. 

24. 

HO,  +  CI-O,  +  HCI 

0.11  x  10“ 

-338. 

25. 

HO,  +  Cl  —  OH  +  CIO 

0.25  x  10“ 

894. 

*3 

Num- 

A^f 

ber 

Reaction 

[s  (mol/cm3)2]" 

1  P 

Termolecular  Reactions 

26. 

O  +  O,  +  M  .  O,  +  M 

0.20  x  1020 

-2.3 

27. 

NO,  +  O  +  M  -  NO,  +  M 

0.39  x  1021 

-2.0 

28. 

NO,  +  HO  +  M  •  HNO,  +  M 

0.53  x  1025 

2.9 

29. 

NO,  +  HO,  +  M  -  HNO,  +  M 

0.21  x  1024 

-4.6 

30. 

NO,  +  NO,  +  M  -  N,0,  +  M 

0.69  x  I023 

-2.8 

31 

H  +  O, +  M-HO, +  M 

0.59  x  102° 

-  1.4 

32. 

CIO  +  NO,  +  M  -  CIONO,  +  M 

0.173  x  1024 

-  3.4 

Heterogeneous  Reactions 

33. 

NO  —  NO  (•) 

34. 

NO,  -  NO,  <•) 

35. 

N,0,-N,0,  <*) 

36. 

NO, -NO,  (*) 

37. 

HNO, -HNO,  (•) 

38. 

HNO,  -  HNO,  (*) 

39. 

O  .0(*) 

40. 

o,-o,n 

41 

HO  -HOC) 

42. 

HO,  —  HO,  (*) 

43. 

H,0,  -» H,0,  <*) 

44. 

Cl  — Cl  <•) 

45 

CIO  CIO  (*) 

46. 

H  .HO 

47. 

HOCI  .HOC1C) 

48. 

H,0  » H,0  (*) 

49. 

CIONO,  —  CIONO,  (*) 

50. 

HQ  *  HCI  (*) 

From  National  Aeronautics  and  Space  Administration  [1982,  Tables 
1  and  2]. 

**2  =  /40exp(-E/RTj,  (s  mol/cm3)-1  (Table  1). 


** 2  =  A„  exp  ( -  E/RT),  (s  mol/cm3)  1  (T 
t kf  «  An  T [s  (mol/cm3)2]' 1  (Table  2). 


the  sampled  central  core  of  the  flow  in  the  sampling  tube, 
obtained  from  the  Bessel  function  profile.  In  this  expression, 
for  /=  0,  k’  »  0;  for  /=  1,  k'  »  {2A)2D/R2  (where  D  is  the 
difTusivity  of  the  species  and  R  is  the  tube  radius),  which  is  the 


inverse  of  the  characteristic  time  for  diffusion  to  the  tube 
walls,  and  for  0  </<  1,  k'  —  a„  where  a,  is  given  by  the 
solution  of  the  transcendental  equation,  4>  =  1.45//J,(0),  and 
<i>  —  ( a1/D)t,2R .  For  further  details  of  the  model  and  method 
of  solution  see  Calo  [1984]. 

For  all  the  species  of  direct  interest  here,  it  was  found  that 
the  gas  phase  chemistry  was  incapable  of  appreciably  altering 
the  sampled  composition  from  that  in  the  ambient.  This  was 
due  to  the  fact  that  the  average  residence  time  in  the  sampled 
central  core  (e.g.,  1.4  s  at  20  km)  was  significantly  less  than  the 
time  constants  of  most  of  the  stratospheric  reactions  in  the 
model.  Consequently,  the  most  dramatic  change  in  compo¬ 
sition  is  the  rapid  decrease  in  O  atom  concentration  due  to 
termolecular  reaction  with  02.  The  half-life  of  O  in  the  sam¬ 
pling  tube  due  to  this  reaction  varies  from  1.7  x  10'4  s  at  IS 
km,  to  0.024  s  at  30  km.  Two  other  species  sensitive  to  flow  in 
the  sampling  tube  are  Cl  and  NO,.  They  are  capable  of  exhi¬ 
biting  significant  increases  in  concentration  due  to  homoge¬ 
neous  gas  phase  reactions  during  passage.  The  magnitude  of 
this  enhancement  is  sensitive  to  heterogeneous  wall  loss  at 
higher  altitudes.  In  any  case,  the  observed  alterations  in  sam¬ 
pled  ambient  composition  due.  to  homogeneous  gas  phase 
reactions,  had  no  effect  on  the  major  species,  including  NO,. 

Therefore  the  model  results  are  conclusive  in  showing  that 
the  only  manner  in  which  the  sampling  tube  can  appreciably 
alter  the  sampled  composition  from  that  in  the  ambient  is  via 
heterogeneous  interactions  with  the  tube  wall.  Currently,  de¬ 
finitive  assessments  of  the  impact  of  heterogeneous  processes 
at  the  tube  wall  on  gas  phase  composition  are  hampered  by 
lack  of  knowledge  concerning  the  controlling  phenomena  at 
stratospheric  conditions.  Therefore  the  potential  effects  of  the 
tube  wall  were  examined  parametrically  with  the  model  with 
respect  to  the  previously  defined  fraction  /  of  the  upper  limit 
instantaneous  wall  destruction  rate. 

Examples  of  results  from  some  of  these  studies  are  presented 
in  Table  2  for  a  few  cases  at  three  altitudes.  Two  different  sets 
of  ambient  values  for  NO  and  NOj  mixing  ratios  were  exam¬ 
ined,  an  average  of  the  mid-latitude  measurements  reported 
herein  and  those  estimated  by  Fabian  et  al.  [1982].  A  com¬ 
parison  of  the  NO/N02  ratio  for  cases  I  and  3  (/=  0)  with 
their  respective  ambient  values  (i.e..  the  ratios  determined  with 
respect  to  the  ambient  mixing  ratios  assumed  at  the  sampling 
tube  mouth),  clearly  shows  that  homogeneous  gas  phase 
chemistry  in  the  sampling  tube  is  incapable  of  appreciably 
altering  the  NO,  content  of  the  stratospheric  air  samples,  as 
was  indicated  above. 

The  effects  of  any  heterogeneous  interactions  would  be  most 
severe  at  the  highest  altitudes  where  radial  diffusivities  are 
greatest.  At  the  expected  tube  wall  temperatures  at  30  km  (i.e., 
230  260  K),  capture  (i.e.,  condensation)  coefficients  close  to 
unity  (i.e.,/=  1)  are  highly  improbable  for  most  of  the  major 
species  considered  here.  For  example,  consider  N02  which  is 
more  condensable  than  NO.  At  30  km.  for  a  mixing  ratio  of 
10.8  ppbv,  the  average  of  the  mid-latitude  values  reported 
herein,  the  incident  wall  flux  of  NO:  is  approximately  3 
x  I010  molecules/cm2  s.  In  the  absence  of  significant  hetero¬ 
geneous  reactions  on  the  tube  wall,  the  capture  coefficient  of  a 
species  is  determined  by  the  net  difference  between  the  inci¬ 
dent  and  evaporative  wall  fluxes.  The  corresponding  evapor¬ 
ative  fluxes  of  N02.  estimated  from  vapor  pressures  (actually 
of  N204)  at  230  and  260  K  are  about  2  x  1021  and  4  x  1022 
molecules/cm2  s.  respectively.  Under  these  conditions.  N02 
cannot  be  absorbed  onto  the  wall  to  any  appreciable  extent, 
and  thus  its  capture  coefficient  should  be  small.  On  the  other 
hand,  loss  coefficients  close  to  unity  due  to  heterogeneoiw^ 
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TABLE  2.  Ratios  of  Selected  Species  Concentrations  for  Four 
Computational  Cases 


Ambient 

Case  1 

Case  2 

NO/NO; 

15  km 

0.714 

0.706 

0.708 

NO/[NO  +  NOJ 

0.417 

0.414 

0.414 

NO/[NO  +  N02  +  HNOj] 

0.306 

0.303 

0.304 

Ambient 

Case  3 

Case  4 

no/no2 

1.00 

0.980 

0.985 

NO/[NO  +  NOJ 

0.50 

0.495 

0.496 

NO/[NO  +  NO,  +  HNOj] 

0.029 

0.029 

0.029 

Ambient 

Case  1 

Case  2 

no/no2 

20  km 

0.558 

0.547 

0.550 

NO/[NO  +  NOJ 

0.358 

0.353 

0.355 

NO/[NO  +  N02  +  HNOj] 

0.189 

0.186 

0.187 

Ambient 

Case  3 

Case  4 

no/no2 

0.333 

0.327 

0.329 

NO/[NO  +  NOJ 

0.250 

0.247 

0.248 

NO/[NO  +  NOj  +  HNOj] 

0.016 

0.015 

0.155 

Ambient 

Case  1 

Case  2 

NO, NOj 

30  km 

0.528 

0.549 

0.551 

NO/[NO  +  NOJ 

0.345 

0.354 

0.355 

NO/[NO  +  NO,  +  HNO,] 

0.253 

0.187 

0.187 

Ambient 

Case  3 

Case  4 

NO/NO  2 

0.20 

0.196 

0.199 

NO  [NO  +  NOJ 

0.167 

0.164 

0.166 

NO  [NO  +  NO,  +  HNOJ 

0.083 

0.082 

0.083 

Ambient:  ratios  for  assumed  ambient  composition  with  NO  and 
N02  mixing  ratios  taken  as  the  average  of  all  mid-latitude  data  re¬ 
ported  herein.  Case  I :  ratios  at  the  sampling  point  for  the  assumed 
ambient  composition  at  the  tube  inlet  with  /  —  0  for  all  species,  i.e., 
homogeneous  gas  phase  chemistry  only.  Case  2:  ratios  at  the  sam¬ 
pling  point  for  the  assumed  ambient  composition  at  the  tube  inlet 
with  f  =  I  (i.e.,  instantaneous  wall  loss)  for  all  species  except  NO, 
NOj,  HNOj,  CO,  C02,  Oj,  Nj,  and  Hj,  for  which /  -  0.  Cases  3  and 
4  are  equivalent  to  cases  I  and  2,  respectively,  except  that  the  NO  and 
NOj  mixing  ratios  assumed  for  the  ambient  composition  are  taken 
from  Fabian  el  al.  [1982]. 


reaction  at  the  wall  are  quite  probable  for  most  of  the  reactive 
radical  species  considered  in  the  current  model.  However,  het¬ 
erogeneous  reactions  of  both  NO  and  N02  at  the  tube  wall, 
leading  to  interconversion  of  the  acids  of  the  oxides  of  ni¬ 
trogen.  arc  rather  unlikely.  Under  the  ambient  operating  con¬ 
ditions  of  the  sampling  tube,  the  tube  wall  should  be  relatively 
free  of  even  the  water  vapor  condensate  required  to  form  the 
acids.  Assuming  a  water  vapor  mixing  ratio  of  ~  3  ppmv  at  30 
km,  the  maximum  wall  flux  is  approximately  8  x  10' 2 
molecules/cm2  s,  in  comparison  to  an  evaporative  flux  of 
about  40  x  10' 9  and  8  x  10JO  molecules/cm2  s,  at  230  and 
260  K.  respectively.  Thus  in  summary,  it  is  quite  unlikely  that 
heterogeneous  interactions  with  the  sampling  tube  wall  will 
alter  the  ambient  composition  of  the  sample  with  respect  to 
NO  and  N02. 

In  Table  2,  cases  2  and  4  give  the  model  results  for  the  most 
likely  conditions  in  the  sampling  tube  consistent  with  the  pre¬ 
ceding.  The  ratios  determined  for  those  two  cases  are  actually 


closer  to  the  ambient  values  than  those  for  cases  1  and  3.  This 
be!  ivior  is  due  to  the  fact  that  some  radical  species  respon¬ 
sible  for  destruction  of  NO,  species  are  assumed  to  be  com¬ 
pletely  lost  at  the  sampling  tube  walls  for  cases  2  and  4. 

Other  factors  might  make  the  sampling  tube  more  effective  f 
in  altering  the  ambient  composition.  One  such  possibility  is 
solar  heating  of  the  sampling  tube,  which  if  significant,  would 
increase  rate  constant  values  over  those  assumed.  Available 
data  from  the  flight  data  included  air  temperature  and  surface 
temperature  on  the  main  gondola  package  (which  should  be 
similar  to  that  of  the  sampling  tube  surface).  These  data  indi¬ 
cate  a  maximum  surface  temperature  deviation  of  about  9°C.  , 

More  recently,  the  same  sampling  tube  was  used  in  another 
air  sampling  program  in  the  lower  stratosphere,  and  thermis¬ 
tors  were  attached  to  the  tubing  at  various  locations.  The 
maximum  surface  temperature  throughout  the  18-  to  13-km 
sampling  range  was  —  17°C.  Consideration  of  the  steady  state 
energy  balance  on  the  sampled  air  clearly  indicated  that  tem¬ 
perature  differences  far  in  excess  of  those  measured  for  ex¬ 
tended  periods  of  time,  would  be  required  in  order  to  cause 
any  significant  temperature  change  in  the  sampled  air  during 
its  passage  through  the  sampling  tube.  In  this  manner,  temper¬ 
ature  effects  were  easily  dismissed  as  a  significant  factor  [cf. 

Calo ,  1984], 

Various  configurations  of  stainless  steel  and  Teflon  tubing 
were  employed  to  transmit  test  samples  to  the  input  of  each 
chemi-analyzer,  and  as  inlet  tubing  for  the  “dry  run"  sampling 
system.  Results  indicated  that  alteration  of  the  test  samples 
was  well  within  the  quoted  experimental  uncertainties.  This 
point  is  discussed  further  in  the  following  two  subsections. 
Therefore  use  of  the  stainless  steel  intake  tube  was  deemed 
acceptable  for  the  balloon  flights. 


For  reactive  species  such  as  NO  and  N02,  careful  consider¬ 
ation  must  also  be  given  to  possible  alteration  of  their  relative 
ambient  concentrations  during  residence  in  the  cryofrost, 
during  the  subsequent  desorption  process,  as  well  as  during 
the  comparatively  brief  time  between  desorption  and  analysis. 
Studies  of  the  behavior  of  these  species  within  a  cryofrost  and 
during  desorption  have  been  carried  out  at  higher  cryofrost 
temperatures  and  much  higher  reactive  species  mixing  ratios 
than  encounterd  in  the  present  investigation.  Addison  and 
Barrer  [1955]  reported  significant  disproportionation  of  pure 
NO  to  N02,  NzO,  N2Oj,  and  N2  upon  desorption  from  cold 
zeolites  and  charcoal  adsorbents.  Fezza  and  Calo  [1982]  and 
Calo  et  al.  [1981]  also  reported  the  disporportionation  of  pure 
NO  collected  as  a  cryofrost  on  a  15  K  gold-flashed,  stainless 
steel  surface  upon  subsequent  thermal  desorption.  Approxi¬ 
mately  two-thirds  of  the  NO  originally  deposited  was  convert¬ 
ed  to  N02,  consistent  with  the  stoichiometry:  4NO  -*  N2 -* 

2N02.  However,  these  reactions  are  related  to  the  association  \ 
of  NO  in  the  cryofrost,  which  has  been  shown  by  infrared 
spectrophotometry  to  be  almost  entirely  dimerized  for  pure 
NO  under  these  conditions  [ Smith  et  al..  1951].  This  situation 
is  in  direct  contrast  to  the  present  work,  where  NO  is  totally 
isolated  due  to  its  extreme  dilution  in  the  air  matrix.  Thus  the 
net  effect  of  similar  alterations  in  our  samples  was  expected  to 
be  negligible.  Indeed,  laboratory  cryogenic  sampling  “dry 
runs”  with  NO,  N02,  and  H20  at  typical  stratospheric  con¬ 
centrations  in  air,  including  storage  and  subsequent  thermal 
regeneration  in  exactly  the  same  manner  as  for  actual  air 
samples,  revealed  only  negligible  alteration  of  the  original 
sample;  i.e.,  variations  in  measured  NO  and  NO:  were  well 
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within  the  uncertainly  limits  reported  here  for  the  strato¬ 
spheric  measurements. 

Fezza  and  Calo  [1982]  and  Calo  et  al.  [1981]  also  ob¬ 
served  some  oxidation  of  NO  to  N02  [  - 19%]  by  ozone  over 
and  above  that  expected  due  to  pure  NO  disproportionation 
for  cryofrost  matrices  composed  of  1/1/44.4  for  N0/03/02 
upon  desorption  from  a  gold-flashed  stainless  steel  surface 
maintained  at  15  K  during  deposition.  However,  2.25%  ozone 
in  an  oxygen  matrix  was  found  to  recombine  almost  com¬ 
pletely  upon  thermal  desorption  for  total  ozone  deposits  of 
less  than  about  5  x  106  g  mol  [ Calo  et  al.,  1981].  Thus  small 
amounts  of  ozone,  less  than  a  threshold  level,  were  found  to 
recombine  completely  upon  thermal  desorption  from  the  solid. 
In  the  context  of  the  present  work,  any  ozone  originally  col¬ 
lected  would  not  survive  cryofrost  regeneration,  nor  could  it 
oxidize  appreciably  the  very  small  amount  of  NO  present.  A 
related  consequence  is  that  no  ozone  is  available  to  oxidize 
NO  in  the  gas  phase  after  warmup.  Finally,  the  rate  of  oxida¬ 
tion  of  NO  by  ozone  and/or  oxygen  in  the  solid  cryofrost  has 
been  found  to  be  much  too  slow  to  cause  any  alteration  of  the 
original  N0/N02  concentrations  [Lucas  and  Pimental,  1979; 
Smith  and  Guillory,  1977]. 

2.4.  Sample  Manipulation  and  Analysis 

The  samples  are  returned  to  the  laboratory  for  desorption 
followed  by  analysis  using  chemiluminescence  analyzers.  The 
trisampler  is  connected  to  the  manifold  as  illustrated  in  Figure 
2.  The  pump-out  valve  on  each  sample  chamber  is  connected 
to  a  stainless  steel  sphere  and  to  the  manifold.  Each  sphere 
was  passivated  with  either  gold  or  hexamethyldisilazane 
(HMDS)  and  then  evacuated  on  a  separate  vacuum  system 
before  connection  to  the  manifold.  Both  surface  treatments  are 
acceptable  for  the  present  application  with  respect  to  lack  of 
chemical  reactivity.  Apparently,  HMDS  was  first  used  for  this 
purpose  by  Schmeltekopf  et  al.  [1976].  HMDS  is  better  than 
gold  for  accommodating  and  stabilizing  condensation  at  cryo¬ 
frost  surfaces  due  to  its  relatively  higher  number  of  effective 
surface  condensation  sites  [ Cab  et  at.,  1981].  Tests  conducted 
using  both  gold  and  HMDS-coated  spheres  yielded  results 
that  were  within  5%  of  one  another,  which  can  easily  be 
accounted  for  by  slight  differences  in  the  passivation  process 
history  for  each  sphere  and  variance  in  the  chemiluminescence 
measurements.  Only  gold  seal  valves  and  gold-plated  copper 
gaskets  are  used  in  the  stainless  steel  manifold.  Generally,  the 
small  portion  of  the  manifold  that  comes  in  contact  with  the 
sample  at  this  time  is  also  gold  plated. 

After  evacuation  of  the  manifold,  each  sphere/ valve  combi¬ 
nation  is  isolated  from  the  manifold  by  valve  closures  and 
then  opened  to  each  other.  The  trisampler  guard  vacuum  is 
then  released,  resulting  in  a  rapid  cryogen  boil-off.  Following 
cryogen  depletion,  a  flow  of  slightly  warmed  air  is  directed 
into  the  liquid  helium  chamber  to  accelerate  sample  warmup. 
The  temperature-time  history  of  the  warmup  is  approximately 
exponential,  achieving  room  temperature  within  about  18 
hours.  At  this  point,  high  boiling  point  species,  such  as  N02, 
have  been  quantitatively  returned  to  the  gaseous  state,  and 
thus  analysis  can  then  begin.  Each  sample  attains  an  absolute 
pressure  of  about  700  mm  Hg.  The  pressure  of  the  first  sample 
is  measured,  and  then  portions  of  it  are  introduced  sequen¬ 
tially  into  the  chemiluminescence  analyzers  with  each  flow 
maintained  for  several  minutes.  The  remainder  of  the  sample 
then  becomes  available  for  analysis  by  gas  chromatography  to 
determine  the  stable  species  content.  The  manifold  is  then 
reevacuated,  and  analyses  of  the  second  and  third  samples  are 


Fig.  2.  Manifold  that  permits  simultaneous  desorption  of  all  three 
samples  into  individual  spheres,  after  which,  sequentially,  each  sample 
is  analyzed  for  NO  and  NO,  content,  with  the  balance  of  the  sample 
then  transferred  cryogenically  into  storage  cylinders. 


performed  in  a  similar  manner.  The  NO,  analyses  are  com¬ 
pleted  within  1-6  hours  of  commencement,  depending  on  the 
number  of  samples  to  be  analyzed. 

Two  chemiluminescence  analyzers  were  used,  a  Thermo 
Electron  Corp.  model  12A  plus  a  Monitor  Labs  model  8440B 
(incorporated  after  1977).  Both  were  modified  “in  house”  to 
optimize  measurements  of  low  NO,  concentrations.  A  more 
sensitive  amplifier  was  installed  in  the  model  12A  and  zero 
balance  achieved  with  a  Keithley  model  261  picoampere 
source.  The  output  is  displayed  on  a  Keithley  model  640  elec¬ 
trometer  and  is  recorded  as  well.  External  pumping  is  em¬ 
ployed  for  the  model  8440B,  and  special  internal  orifices  were 
installed  for  optimum  detection  of  low  mixing  ratios. 

With  these  modifications  to  each  instrument  the  detection 
limits  were  determined  to  be  0.1  ppbv  for  the  TE  12A  and  0.25 
ppbv  for  the  ML  8440B.  For  each  sample,  the  signals,  inte¬ 
grated  over  the  duration  of  the  analysis,  are  reported  as  the 
measured  values.  Long-term  integration  is  particularly  impor¬ 
tant  near  the  detection  limit.  This  approach  raises  the 
question  of  whether  or  not  there  is  any  drift  with  time  in  the 
mixing  ratios  of  NO  or  NO,.  As  a  check  on  the  stability  of  the 
concentrations  of  these  species  over  the  measurement  period, 
chemiluminescence  analyzer  output  was  studied  as  a  function 
of  time.  Typically,  each  sample  was  analyzed  continuously  for 
several  minutes  to  take  advantage  of  the  large  quantities  of 
sample,  thereby  yielding  more  data  and  reducing  measure¬ 
ment  error.  We  concluded  that  after  steady  state  is  attained, 
generally  within  the  first  few  seconds  of  flow,  no  discernible 
drift  in  species  mixing  ratios  occurs  over  the  duration  of  the 
measurement.  Each  data  set  was  carefully  evaluated  for  the 
attainment  of  steady  state  conditions.  Hence  on  occasion,  the 
first  2  min  of  data,  for  example,  were  eliminted  from  a  15-min 
analysis  period.  A  constant  input  flow  to  the  instruments  was 
maintained  during  sampling  by  adjustment  of  a  needle  valve 
at  the  input  of  the  TE  I2A  and  by  an  internal  regulator  for  the 
ML  8440B. 

In  addition  to  the  usual  gain  in  measurement  precision  af¬ 
forded  by  use  of  two  instruments,  a  precaution  against  detec¬ 
tion  of  another  chemiluminescent  reaction  was  also  achieved, 
since  each  instrument  employs  a  different  filter  photomulti¬ 
plier  sensitivity  combination.  In  the  instruments,  the  excited 
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species  N02*  reverts  to  lower  energy  states,  emitting  broad¬ 
band  radiation  extending  from  5000  to  30.000  A  with  maxi¬ 
mum  intensity  at  about  11.000-12.000  A.  The  TE  12A  con¬ 
tains  a  photomultipler  tube  which  has  a  peak  sensitivity  at 
7500  A.  The  filter  is  a  Corning  P-64,  which  has  1%  transmis¬ 
sion  at  6500  A  and  0"„  at  6000  A.  The  ML  8440B  unit  photo¬ 
multiplier  tube  has  peak  sensitivity  near  the  low  end  of  the 
broad  emission  band  but  is  sensitive  into  the  near  infrared, 
and  it  too  has  a  filter  that  eliminates  the  blue  region  where 
other  likely  chemiluminescent  reactions  may  contribute,  such 
as  for  some  unsaturated  hydrocarbons.  Thus  with  each  unit 
having  a  characteristic  response  over  a  different  limited  band¬ 
width.  there  is  a  reduced  possibility  for  other 
chemiluminescent  reactions  contributing  to  the  quoted  NO* 
values.  Alternately,  if  there  was  an  interfering  reaction,  it 
would  produce  a  consistently  enhanced  signal  on  one  of  the 
units,  an  event  not  observed.  Some  other  differences  between 
the  two  instruments  include  the  use  of  two  channels  on  the 
ML  8440B  to  provide  simultaneous  readout  of  both  NO  and 
NO.,,  the  use  of  a  stainless  steel  converter  and  primarily  poly¬ 
ethylene  tubing  in  the  TE  12A,  and  a  molybdenum  converter 
in  the  ML  8440B  along  with  predominantly  Teflon  tubing. 
The  stainless  steel  converter  operates  at  a  higher  temperature, 
thereby  increasing  the  possibilities  for  detection  of  additional 
compounds.  However,  as  indicated,  a  consistently  enhanced 
signal  was  never  observed  on  either  instrument;  i.e.,  any  differ¬ 
ences  in  output  were  always  with  the  expected  variance  of  the 
measurements. 

Originally,  all  instrument  calibrations  were  performed  by 
means  of  a  dynamic  dilution  of  separate  purchased  standards 
of  NO  and  N02  in  N2  or  He,  utilizing  a  Thermo  Electron 
Corp.  Series  101  dynamic  N0-N02-02  calibrator  supplied 
with  smaller  than  standard  control  orifices.  Ultrahigh  purity 
nitrogen  (99.999",,)  was  used  as  the  mixing  gas.  and  the  pur¬ 
chased  standards  were  generally  supplied  in  aluminum  cylin¬ 
ders  with  an  aluminum  oxide  surface  enhanced  by  an  ano¬ 
dizing  process  that  eliminates  pinhole  porosity.  An  additional 
proprietary  step  has  been  taken  to  improve  further  the  stabili¬ 
ty  of  the  gas  mixture  (AIRCO  Corp.,  Spectra  Seal  Cylinders). 

Periodically,  a  flow  of  the  ultrahigh  purity  nitrogen  was 
directed  into  the  analyzers  to  determine  the  NO,  content  of 
the  mixing  gas.  A  second  calibration  method,  phased  into  the 
system  in  1978.  became  the  sole  method  in  1980.  The  latter  is 
based  on  the  permeation  of  the  test  gas  through  a  Teflon 
membrane  into  a  flow  of  ultrahigh  purity  nitrogen.  Separate 
units  were  incorporated  for  NO  and  N02  (Kin  Tek  Corp. 
models  570  and  670).  Calibration  plots  were  obtained  for  the 
NO,  analyzers  by  varying  permeation  tube  temperature  and 
nitrogen  flow  rate.  A  portion  of  the  mixture  was  vented 
through  a  flowmeter  in  order  to  maintain  the  required  pres¬ 
sure  drop.  The  response  for  both  analyzer  systems  was  found 
to  be  linear,  and  the  measured  N02  volume  mixing  ratios 
exhibited  agreement  with  the  calibration  inputs  to  within  5%. 
Permeation  rates  for  the  Kin  Tek  Corp.  tubes  are  certified  by 
the  manufacturer.  These  permeation  rates  represent  weight 
losses  of  only  0.1  mg  over  several  hours  from  a  tube  that 
weights  several  hundred  grams.  Subsequent  to  the  1981  flights, 
a  high-capacity  precision  balance  was  obtained  that  permitted 
accurate  measurements  of  the  weight  losses  from  sealed  tubes 
(such  as  the  N02  tube)  used  for  this  and  other  experiments 
[Gallagher  anil  Forsherg.  1983],  Although  the  Kin  Tek  N02 
tube  used  for  our  investigations  developed  a  leak  (presumably 
around  the  Teflon  seal)  subsequent  to  the  1981  measurements, 
weight  loss  measurements  performed  with  other  Kin  Tek 


tubes  using  this  new  analytical  balance  (Mettler  Corp.  model 
H315  Macro  Analytical,  High  Capacity  Balance;  weighing 
range  1001  g,  readability  0.1  mg,  precision  ±0.1  mg)  indicated 
permeation  rates  that  remained  within  a  few  percent  of  the 
factory  calibration  values.  N02  calibrations  have  the  added 
value  of  testing  both  the  efficiency  of  the  converter  and  the 
accuracy  of  the  reaction  chamber.  The  analyzer  response  for 
low  mixing  ratios  of  N02  was  further  checked  at  a  later  date 
using  a  second  permeation  system  (Vici  Metronics  model  415) 
which  features  a  much  lighter  weight  sealed  tube  (approxi¬ 
mately  18  g);  the  measured  mixing  ratios  were  within  5%  of 
predicted  values.  Permeation  rates  based  on  laboratory  weight 
loss  determinations  agreed  with  the  factory-determined  per¬ 
meation  rates  to  within  10%.  Both  Teflon  and  stainless  steel 
tubing  of  vairous  test  lengths  were  utilized  (exclusive  of  the 
transfer  manifold)  for  both  calibration  and  test  sample  runs. 
No  sample  alterations  due  to  tubing  material/length  vari¬ 
ations  could  be  discerned  under  steady  state  operating  con¬ 
ditions. 

Nitric  oxide  calibrations  were  also  performed.  The  reaction 
chamber  of  the  TE  12A  had  already  been  tested  with  the  N02 
calibrations,  but  since  the  ML  8440B  employs  separate 
chambers  for  the  N02  and  NO  measurements,  it  was  decided 
to  obtain  independent  NO  calibrations.  The  Kin  Tek  NO 
tube  was  recharged  within  the  model  570  unit  for  each  calibra¬ 
tion  series,  and  thus  mixing  ratio  determinations  were  based 
solely  on  the  factory-supplied  permeation  rates.  Since  both 
analyzer  responses  agreed  to  within  10%  of  the  calibration  gas 
mixing  ratios,  the  reliability  of  the  NO  reaction  chambers  of 
both  instruments  was  confirmed.  (The  TE  12A  reaction  cham¬ 
ber  reliability  was  also  checked  by  the  more  extensive  N02 
tests.)  All  NO  permeation  tube  calibrations  were  performed 
frequently  with  the  Kin  Tek  system,  since  Vici  Corp.  did  not 
offer  an  NO  tube.  Two  methods  were  used  to  balance  the 
chemiluminescence  analyzers  for  zero  NO  and  N02  input. 
Initially,  the  input  valve  of  the  TE  12A  would  be  closed  and 
the  zero  adjusted.  Later  (with  both  instruments),  grade  6 
helium  (99.9999%  purity)  was  introduced  at  the  sample  gas 
inlet  during  the  zeroing  procedure.  These  methods  were  deter¬ 
mined  to  be  superior  to  the  use  of  ultrahigh  purity  nitrogen, 
which  could  still  contain  nonnegligible  concentrations  of  the 
species  to  be  measured,  although  the  calibration  plots  ob¬ 
tained  subsequently  showed  the  NO  contribution  to  be  essen¬ 
tially  zero  and  the  N02contribution  slight  but  also  negligible. 

Both  analyzers  were  tested  for  their  response  to  HNOj.  The 
Vici  Metronics  Dynacalibrator  was  utilized  with  an  HNOj 
permeation  tube.  A  mixing  ratio  of  1 1.3  ppbv  was  produced,  a 
value  representative  of  the  highest  mixing  ratio  that  might  be 
expected  for  the  altitude  range  of  interest.  Both  the  NO  and 
NO,  responses  of  the  two  analyzers  were  monitored  and 
found  to  be  essentially  zero  in  all  cases.  Weight  loss  was  also 
determined  for  the  HNO,  tube  using  the  Mettler  balance.  The 
results  agreed  with  the  predicted  weight  loss  based  on  the 
factory-certified  permeation  rate. 

Other  stratospheric  species  suspected  of  potentially  affecting 
the  NO,  measurements  were  N.O,  and  NO,.  Fabian  et  al. 
[1982]  reported  mid-latitude  model  values  for  N20,  that  in¬ 
creased  from  0.6  pptv  at  12  km  to  0.3  ppbv  at  30  km.  Thus 
even  if  N20,  could  contribute  to  the  measured  signals,  it 
would  have  a  negligible  effect  on  the  quoted  values  of  NO, 
below  25  km.  increasing  to  a  maximum  of  1  5"„  at  30  km. 
Fabian  et  al.  [1982]  also  gave  model  values  for  NO,  ranging 
from  0.0001  pptv  at  12  km  to  0.3  pptv  at  30  km.  Thus  again, 
even  if  detectable.  NO,  would  provide  a  negligible  contri- 
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TABLE  3.  Flight  Data  Plus  NO  and  NO,  Results 


Flight 

No. 

Date 

Site 

Lat. 

Alt., 

km 

T.A.S.. 

hours 

Tropopause 

Height, 

km 

NO, 

PPBV 

NO,, 

PPBV 

11* 

Oct.  8,  1977 

Chico,  CA 

40N 

30 

3.7 

11.8 

1.0  ±0.4 

1.7  ±0.7 

12* 

Oct.  17,  1977 

Chico,  CA 

40N 

18 

4.1 

10.4 

1.3  ±0.5 

4.3  ±  1.7 

13* 

June  2.  1978 

Eielson  AFB,  AK 

64N 

30 

5.9 

8.5 

8.6  ±  3.4 

35.0  ±  14 

25 

6.7 

2.2  ±  0.9 

15.2  ±6.1 

20 

9.3 

1.8  ±  0.7 

5.7  ±  2.3 

14* 

June  7.  1978 

Eielson  AFB,  AK 

64N 

15 

6.0 

9.1 

2.1  ±0.8 

2.9+  1.2 

12 

7.2 

2.1  ±0.8 

6.1  ±2.4 

15 

Aug.  19,  1978 

Watertown.  SD 

45N 

15 

3.8 

16.1 

2.3  ±  0.7 

4.0  ±  1.2 

12 

6.1 

4.0  ±  1.2 

6.8  ±  2.0 

16 

Aug.  29,  1978 

Watertown.  SD 

45N 

30 

3.6 

12.1 

12.0  ±3.6 

35.0  ±  10 

25 

5.6 

3.6+  1.1 

7.7  ±  2.3 

20 

7.6 

3.2  ±  1.0 

12.3  ±  3.7 

17 

March  15,  1979 

Panama.  CZ 

9N 

18 

3.4 

17.3 

1.9  +  0.6 

4.4+  1.3 

15 

5.2 

2.0  ±  0.6 

5.8  ±  1.7 

18 

March  20,  1979 

Panama.  CZ 

9N 

30 

2.9 

17.6 

12.7  ±  3.8 

19.8  ±  6 

25 

4.9 

3.2  ±  1.0 

5.9+  1.8 

20 

7.8 

5.9  ±  1.8 

10.7  ±  3.2 

19* 

June  21,  1979 

Holloman  AFB.  NM 

33N 

30 

3.1 

15.8 

2.7  ±  1.1 

3.2  ±  1.3 

25 

5.2 

1.8  ±0.7 

2.4  ±  1.4 

20 

7.1 

2.0  ±0.8 

2.9  ±  1.2 

21 

April  28.  1980 

Holloman  AFB.  NM 

33N 

18 

3.2 

13.4 

0.6  ±  0.3 

2.7  ±  0.8 

15 

4.3 

0.5  ±  0.3 

2.9  ±  0.9 

12 

6.6 

0.5  ±  0.3 

2.0  ±  0.6 

22 

May  1.  1980 

Holloman  AFB,  NM 

33N 

30 

3.5 

9.6 

1.8  ±0.5 

18.7  ±  6 

25 

5.7 

0.4  ±  0.2 

3.3  ±  1.0 

20 

7.2 

0.7  ±  0.3 

4.0  ±  1.2 

23 

May  31,  1981 

Holloman  AFB.  NM 

33N 

20 

4.5 

11.7 

2.0  ±  0.6 

8.7  ±  2.6 

15 

6.5 

0.8  ±  0.3 

2.7  ±  0.8 

12 

8.1 

0.4  ±  0.2 

1.8  +0.5 

24 

June  4,  1981 

Holloman  AFB,  NM 

33N 

30 

5.4 

11.4 

1.1  ±0.3 

2.3  ±  0.7 

25 

7.4 

1.3  ±0.4 

2.8  ±  0.8 

20 

9.4 

1.1  ±0.3 

2.6  ±  0.8 

T.A.S.,  time  after  sunrise  at  altitude.  Flight  numbers  1-10,  preliminary  data  only.  No  data  points  for 
small  cryogenic  and  grab  samples. 

•Thermo  Electron  model  12A  only. 


bution  to  the  signals  at  all  altitudes  studied.  In  summary, 
consideration  of  all  of  the  species  most  likely  to  interfere  with 
the  measurements  leads  to  the  conclusion  that  even  under  the 
worst  conditions  their  total  contribution  to  the  overall  uncer¬ 
tainty  in  the  quoted  values  is  negligibly  small. 

Simulation  runs  were  performed  using  a  trisampler  pre¬ 
pared  exactly  as  for  flight.  Test  samples  were  gathered  as  cryo- 
frosts,  maintained  near  4  K,  and  then  regenerated  and  allowed 
to  expand  into  the  same  transfer  manifold  used  for  the  flight 
samples.  The  subsequent  sample  introduction  techniques  to 
the  chemiluminescence  analyzers  were  also  performed  exactly 
as  with  the  flight  samples.  Also,  portions  of  the  test  samples 
were  transmitted  directly  from  the  source  cylinder  to  the  ana¬ 
lyzers.  These  procedures  provided  a  test  for  possible  alteration 
of  sample  mixing  ratios  in  the  sampling,  storage,  and  regener- 
I  t  ation  procedures. 

Results  from  the  simulation  runs  for  both  NO  and  NO, 
indicated  that  the  direct  measurements  of  the  test  samples 
were  just  as  likely  to  be  higher  as  lower  than  for  portions  of 
the  test  samples  that  were  subjected  to  the  entire  cryoconden- 
sation  regeneration  procedure  in  the  trisampler.  This  indicates 
that  random  measurement  errors  significantly  exceeded  any 
*  systematic  errors  introduced  by  the  cryosampling,  storage,  re¬ 
generation,  and  gas  sample  manipulation  procedures.  Our 
measurement  errors  are  believed  to  be  primarily  due  to  un¬ 
avoidable  drifts  in  the  analyzer  calibrations  (including  both 
full-scale  sensitivity  and  instrument  zero),  in  spite  of  frequent 
checks  on  same.  Other  lesser  contributions  to  measurement 


error  are  slight  variabilities  in  the  mixing  ratios  of  the  refer¬ 
ence  test  gas. 

In  summary,  although  it  was  not  possible  to  reproduce  test 
gas  samples  that  were  exactly  representative  of  expected 
stratospheric  compositions  (both  with  respect  to  mixing  ratios 
and  species,  especially  radicals),  the  combined  results  of  the 
laboratory  tests,  procedures,  and  analysis  described  above, 
strongly  support  our  conclusion  that  the  sampling,  storage, 
and  regeneration  procedures  quantitatively  preserved  the 
species  for  which  we  report  ambient  mixing  ratios  to  within 
the  quoted  tolerances.  Our  best  estimates  of  these  uncer¬ 
tainties  are  as  follows:  for  NO,  total  uncertainty  for  the  strato¬ 
spheric  sample  measurments  is  ±30%  for  readings  greater 
than  I  ppbv,  increasing  to  ±50%  below  0.5  ppbv.  For  NO,, 
the  overall  uncertainty  is  also  ±30%.  For  those  determi¬ 
nations  based  solely  on  the  TE  12A.  the  overall  uncertainty  is 
±  40  for  both  NO  and  NO,. 

3.  Results  and  Discussion 

Table  3  summarizes  the  more  salient  parameters  for  the 
balloon  flights  and  includes  the  NO  and  NO,  (i.e..  NO 
+  NOj)  results  that  are  the  averages  from  the  two  chemilumi¬ 
nescence  analyzers,  except  as  indicated.  Values  for  both 
species  are  considered  reliable  to  within  the  tolerances  stated 
above. 

The  balloon  flights  commenced  in  1975,  but  the  early  flights 
were  conducted  primarily  to  obtain  measurements  of  various 
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stable  species  using  gas  chromatography  [ Gallagher  et  al., 
1983],  and  thus  only  rough  values  for  NO,  mixing  ratios  were 
obtained.  The  Monitor  Labs  unit  was  under  repair  in  July 
1979.  On  flight  20,  only  ambient  temperature  grab  samples 
were  obtained.  The  low  sample  amounts  retrieved  were  suf¬ 
ficient  for  gas  chromatographic  analyses  only. 

The  greatest  spread  in  data,  not  unexpectedly,  occurs  for  the 
30  km  NO,  results.  The  rate  of  change  of  mixing  ratio  with 
altitude  has  been  predicted  by  model  studies  to  be  greater  at 
30  km  than  at  any  other  of  the  altitudes  investigated.  Cou¬ 
pling  this  with  the  vertical  shift  in  the  predicted  profiles  re¬ 
quired  with  shifts  in  tropopause  height,  the  30-km  measure¬ 
ment  altitude  actually  represents  a  significantly  different  posi¬ 
tion  on  the  profile  from  flight  to  flight. 

Before  comparing  the  data  from  Table  3  with  various  model 
profiles  or  with  representative  results  of  other  workers,  we 
address  the  problem  of  why  a  few  of  the  measured  values  seem 
to  be  at  variance  with  the  smooth  profiles  predicted  by  practi¬ 
cally  every  model.  The  analysis  that  follows  considers  all  of 
the  data  points  from  Table  3,  but  especially  those  that  pro¬ 
duce  anomalies  in  the  individual  profiles  from  each  test  series. 
Of  course,  smooth  profiles  in  and  of  themselves  do  not 
guarantee  the  quality  of  the  data,  but  deviations  from  a 
smooth  profile  require  more  intensive  evaluation. 

Although  various  influences  will  be  considered,  the  primary 
emphasis  centers  on  associating  the  anomalies  with  the  sam¬ 
pling  at  successive  altitudes  and  especially  different  dates  of 
portions  of  air  that  are  associated  with  different  air  masses. 
Noxon  et  al.  [1983]  have  discussed  the  effects  of  large-scale 
transport  relative  to  N02  abundance.  In  addition,  Horvath  et 
al.  [1983]  noted  significant  variations  in  NO  in  the  upper 
stratosphere  and  attributed  them  to  transport  processes  that 
carry  air  from  regions  of  significantly  different  odd-nitrogen 
abundances  into  the  mid-latitude  upper  statosphere.  Mount  et 
al.  [1984]  obtained  values  for  N02  based  on  the  visible  light 
spectrometer  on  board  the  Solar  Mesospheric  Explorer  space¬ 
craft  providing  daytime  values  for  the  20-  to  40-km  altitude 
region.  Their  data  indicate  that  NO;  exhibits  a  strong 
memory  of  the  physical  conditions  of  the  stratosphere  over  a 
period  of  several  days.  We  make  no  effort  to  interpret  our 
data  variations  in  terms  of  the  specifics  of  these  detailed  analy¬ 
ses.  primarily  because  we  do  not  have  a  sufficiently  large  data 
base  covering  a  sufficient  range  of  altitudes,  latitudes,  and 
seasons  to  provide  such  evaluations.  We  cite  these  references 
simply  to  point  out  that  significant  variations  in  NO  and  N02 
mixing  ratios  do  occur  because  of  atmospheric  motions. 

Second,  the  association  of  peroxyacetyl  nitrate  (PAN)  with 
the  oxides  of  nitrogen  and  variability  thereof  in  the  vicinity  of 
the  tropopause  will  also  be  evaluated,  and  finally,  the  pos¬ 
sibilities  of  effects  from  local  injections  are  considered.  Of 
course,  the  smaller  ripples  in  the  measured  profiles  lie  well 
within  the  error  bars  for  the  data  points  and  need  not  be 
associated  with  any  atmospheric  anomalies. 

First,  in  order  to  assess  whether  successive  samplings  were 
actually  taken  from  different  air  masses,  upper  air  charts,  ap¬ 
propriate  to  the  dates  and  the  altitudes  sampled,  were  ob¬ 
tained  for  200,  100,  50.  30.  and  10  mbar.  equivalent  to  11.8. 
16.2.  20.6.  23.8,  and  31.0  km  geopotential  altitudes,  respec¬ 
tively.  Wind  data  from  the  observation  station(s)  closest  to  the 
sampling  location  provided  the  primary  information  used,  al¬ 
though  the  charts  were  evaluated  over  a  wide  geographic 
region  to  determine  the  dominant  wind  and  pressure  patterns, 
and  to  be  certain  that  the  station  under  consideration  was  not 
reporting  conditions  inconsistent  with  the  overall  patterns. 


Table  4  indicates  which  charts  were  utilized  for  each  data 
evaluation  and  what  wind  conditions  prevailed  at  the  closest 
observation  station(s)  that  day  at  1 200  UT,  the  only  observa¬ 
tion  time  available  for  all  sampling  dates.  The  other  available 
observation  time,  0000  UT,  was  available  for  only  a  few  of  the 
sampling  dates,  and  in  none  of  these  cases  did  the  charts 
indicte  conditions  significantly  different  from  those  that  pre¬ 
vailed  at  1200  UT.  In  addition,  1200  UT  more  closely  matches 
our  sampling  times. 

In  our  analysis  it  will  be  shown,  where  applicable,  that  sig¬ 
nificantly  different  atmospheric  conditions  prevailed  at  the 
times  the  two  or  more  NO  (NO,)  values  under  consideration 
were  being  obtained,  thus  suggesting  that  different  air  masses 
were  sampled  in  each  case.  To  determine  why  the  different  air 
masses  might  have  different  NO  (NO,)  profiles  in  the  same 
altitude  regime  lies  beyond  the  scope  of  this  paper.  Appropri¬ 
ate  references  are  cited  that  analyze  such  behavior  in  detail. 

Referring  to  the  results  from  Table  3  in  order,  first,  the 
October  1977  flights  at  Chico.  California,  provided  values 
only  from  one  altitude  per  flight  and  the  flights  were  conduct¬ 
ed  9  days  apart.  Thus  it  would  not  be  practical  to  try  to 
reconstruct  a  meaningful  profile  from  these  results:  but  in  any 
case,  the  air  mass  conditions  were  significantly  different  on  the 
two  dates;  the  light  and  variable  winds  noted  only  for  October 
17  are  suggestive  of  fall  turnaround  conditions,  and  the  pat¬ 
terns  of  high  and  low  pressure  for  the  two  dates  are  distinctly 
different. 

The  Alaska  flights  (numbers  13  and  14)  produced  fairly 
smooth  profiles.  The  high  mixing  ratios  at  30  km  are  consis¬ 
tent  with  most  models  when  viewed  in  light  of  the  low  tropo¬ 
pause  that  prevailed.  All  these  models  show  a  sharp  rise  in 
mixing  ratios  for  the  first  few  kilometers  above  30  km.  the 
effective  altitude  range,  vis-a-vis  the  models,  in  which  this 
sample  was  obtained.  The  principal  anomaly  in  the  measured 
profile  is  the  high  value  for  NO,  at  12  km.  Inspection  of  the 
charts,  however,  reveals  that  although  winds  in  the  vicinity  of 
the  15  km  sample  were  light  and  variable,  the  12-km  sample 
was  obtained  in  a  strong  jet  stream,  suggestive  of  a  completely 
different  air  mass.  Of  course,  for  this  and  for  all  flights  the 
general  features  of  the  local  air  patterns  were  observed  at  the 
time  of  the  samplings  in  the  process  of  the  tracking  of  the 
flight  trajectories. 

The  South  Dakota  samples  were  obtained  10  days  apart, 
the  largest  gap  between  flights  for  any  single  field  trip.  Also, 
there  was  a  major  difference  between  the  two  tropopause 
heights.  A  distinct  jet  stream  presence  was  noted  on  August 
19.  1978.  at  both  sampling  altitudes  with  similar  pressure  pat¬ 
terns  and  approximately  westerly  winds  of  20  30  K.  at  100 
mbar  and  40  70  K  at  200  mbar.  It  is  likely  that  both  the  12- 
and  15-km  samples  were  obtained  in  the  same  large  air  mass: 
however,  both  samples  were  obtained  below  the  anomalously 
high  tropopause  that  prevailed,  and  the  12-km  sample  could 
have  been  affected  by  the  significant  aircraft  emissions  that 
occur  at  that  altitude:  more  on  this  below.  For  the  succeeding 
flight,  a  distinctly  different  pressure  and  wind  pattern  existed 
over  North  America.  On  August  29.  1978.  a  consistent  high 
pressure  over  the  upper  Great  Lakes  region  persisted  in  the 
50-  to  100-mbar  altitude  band  along  with  light  and  variable 
winds  in  the  region  over  South  Dakota,  and  with  a  fairly  low 
tropopause  height.  The  data  from  the  three  sampling  altitudes 
arc  consistent  except  for  the  NO,  value  at  20  km.  This  values 
remains  unexplained  except  for  the  unlikely  possibility  that 
the  opposite  extremes  of  the  two  error  bars  prevail.  The  un¬ 
usually  long  period  between  flights,  necessitated  by  adverse 
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TABLE  4.  Wind  and  Atmospheric  Pressure  Patterns  Relevant  to  the  Air  Masses  Sampled 


Flight 

No. 

Location 

Alt.. 

km 

Chart 

Alt.. 
mbar  km 

Winds 

Speed, 
Dir.  knots 

Relevant  Centers  of  High  (H) 
and  Low  (L)  Pressure 

11 

Chico 

30 

10 

31.0 

W 

20 

H  over  S.  Calif. 

12 

Chico 

18 

50 

20.6 

SE 

10 

H  over  N.  Calif,  coast 

100 

16.2 

LV* 

L  off  cent.  Calif,  coast 

13 

Eielson 

30 

10 

31.0 

E 

20 

H  in  E.  Siberia 

25 

30 

23.8 

NE 

10 

H  over  North  Pole 

20 

50 

20.6 

LV 

H  over  Siberia 

14 

Eielson 

15 

100 

16.2 

W 

10 

No  nearby  L  or  H 

12 

200 

11.8 

WSW 

45 

H  in  Gulf  of  Alaska 

15 

Watertown 

15 

100 

16.2 

sw 

25 

H  over  SE  U.S.  and  over  Calif. 

12 

200 

11.8 

w 

55 

H  over  SE  U.S.  and  over  Calif. 

16 

Watertown 

30 

10 

31.0 

ENE 

10 

H  over  central  Canada 

25 

30 

23.8 

NNE 

5 

H  north  of  Great  Lakes 

20 

50 

20.6 

NW 

10 

H  over  eastern  Great  Lakes 

17 

Panama 

18 

50 

20.6 

NE 

10 

H  west  of  Yucatan  Peninsula 

15 

100 

16.2 

W 

30 

No  nearby  L  or  H 

18 

Panama 

30 

10 

31.0 

ESE 

H  approx,  over  Yucatan  Penin. 

25 

30 

23.8 

LV 

5-10 

H  approx,  over  Yucatan  Penin. 

20 

50 

20.6 

WNW 

20 

H  approx,  over  Yucatan  Penin. 

19 

Holloman 

30 

10 

31.0 

E 

30 

H  near  North  Pole 

25 

30 

23.8 

ENE 

25 

H  near  North  Pole 

20 

50 

20.6 

ESE 

25 

H  near  North  Pole 

21 

Holloman 

18 

50 

20.6 

NW 

5 

L  over  central  U.S. 

15 

100 

16.2 

WNW 

40 

L  over  central  U.S. 

12 

200 

11.8 

W 

130 

L  over  central  U.S. 

22 

Holloman 

30 

10 

31.0 

WNW 

20 

L  over  Pacific  and  H  over 

Atlantic  coasts  of  Mexico 

25 

30 

23.8 

ESE 

10 

H  over  lower  Calif,  coast 

20 

50 

20.6 

LV 

L  over  NM/Col.  border 

23 

Holloman 

20 

50 

20.6 

ESE 

5 

H  over  central  U.S. 

15 

100 

16.2 

WSW 

30 

L  over  Hudson  Bay 

12 

200 

11.8 

W 

45 

L  over  Hudson  Bay 

24 

Holloman 

30 

10 

31.0 

E 

30 

H  over  S.  central  Canada 

25 

30 

23.8 

E 

30 

H  over  S.  central  Canada 

20 

50 

20.6 

E 

15 
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surface  weather  conditions,  permitted  significantly  different  air  appears  that  the  25-  and  30-km  samples  were  obtained  in  a 
patterns  to  evolve,  as  evidenced  on  the  two  dates.  This  situ-  different  air  mass  from  the  20-km  sample.  The  mixing  ratios 
ation  prevents  the  construction  of  a  representative  profile  for  increase  between  25  and  30  km,  as  expected,  albeit  at  a  rapid 
this  latitude  from  these  five  air  sample  measurements.  rate.  It  will  be  pointed  out  below  that  such  high  mixing  ratios 

As  with  all  the  flights,  the  northern  hemisphere  charts  at  this  latitude  are  at  variance  with  predictions, 
formed  the  basis  for  the  evaluation  of  the  March  15  and  20,  On  June  21,  1979,  a  high  near  the  north  pole  dominated  the 
1979,  results.  These  charts  cut  off  at  about  the  latitude  of  pattern  at  all  three  altitudes  with  a  consistent  wind  pattern  in 

Panama.  On  March  15  an  intense  low,  north  of  Canada,  the  sampling  region:  E  at  30  K  at  10  mbar,  ENE  at  25  K  at  30 

dominated  the  pattern  for  North  America  at  both  the  50-  and  mbar,  and  ESE  at  25  K  at  50  mbar.  Not  unexpectedly,  then, 

100-mbar  levels.  Pressure  gradients  in  the  southern  Carrib-  values  obtained  for  NO  and  NO,  in  the  20-  to  30-km  range 

bean  region  were  fairly  small,  however,  and  at  50  mbar,  winds  showed  little  variation  with  altitude. 

were  light  NE  to  NNE  at  ~  10  K.  At  100  mbar,  they  ranged  Data  from  the  1980  flights  (numbers  21  and  22)  yielded 

from  WSW  to  WNW  at  25-30  K.  Thus  it  would  seem  that  the  some  of  the  smoothest  profiles  obtained  in  the  program.  For 

18-  and  15-km  samples  were  not  obtained  from  the  same  air  one  thing,  weather  conditions  and  logistics  at  that  time  per- 

mass,  thereby  providing  an  explanation  for  the  essentially  un-  mitted  the  execution  of  the  two  sampling  flights  only  3  days 
changed  value  for  NO  and  the  modest  increase  noted  for  NO,  apart,  the  smallest  such  interval  achieved  in  the  program, 
with  decreasing  altitude.  Five  days  later  on  March  20,  the  On  April  28,  1980,  the  50-,  100-,  and  200-mbar  charts  fea- 

50-mbar  charge  was  not  unlike  that  for  the  previous  date,  tured  a  low  over  the  north-central  United  States  and  a  consis- 

although  the  20-km  results  are  significantly  higher  than  the  tent  west  to  northwest  wind,  5  K  at  50  mbar,  40  K  at  100 

18-km  values  obtained  on  March  15.  The  diurnal  factor  would  mbar,  and  a  distinct  jet  stream  flow  of  130  K  at  200  mbar.  The 

explain  the  difference,  in  part,  but  the  5-day  interval  was  more  corresponding  NO  and  NO,  values  showed  little  variation 

than  sufficient  to  suggest  a  different  air  mass.  More  important,  with  altitude,  consistent  with  having  been  obtained  from  the 

the  20-km  values  are  significantly  higher  than  the  25-km  re-  same  air  mass  as  supported  by  the  chart  data, 

suits.  A  low-pressure  system  is  evident  on  the  50-mbar  chart  in  On  May  1,  1980.  pressure  gradients  were  small  over  the 
the  sampling  region  with  winds  of  10-30  K  from  the  W  to  continental  United  States  with  no  distinct  high  or  low  centers 

NW.  At  higher  altitudes  (10  and  30  mbar)  the  low  is  not  at  10  and  30  mbar  and  only  a  weak  low  in  the  sampling 

evident  and  the  winds  were  light  and  variable.  On  this  basis,  it  region  evidenced  on  the  50-mbar  chart.  Accordingly,  winds 


7908 


Gallagher  et  al.;  Nitric  Oxide  and  Nitrogen  Dioxide  at  12-30  km 


were  light  and  variable  throughout  this  altitude  range.  For 
example,  comparison  of  the  50-mbar  charts  for  these  two  1980 
dates  indicates  that  pressure  gradients  were  slight  and  with 
similar  patterns  of  high-  and  low-pressure  centers  over  North 
America.  With  these  conditions,  it  is  more  justifiable  to  con¬ 
struct  a  profile  from  these  two  flights  than  from  any  of  the 
other  available  options.  Although  modest  increases  in  both 
NO  and  NO,  were  noted  in  descending  from  25  to  20  km, 
these  changes  are  within  experimental  error,  and  in  part,  may 
reflect  also  the  emergence  of  the  low  at  50  mbar.  The  30-km 
mixing  ratios  are  the  highest,  as  expected,  although  higher 
than  most  such  values  for  NO,.  It  should  be  noted,  however, 
that  in  the  development  of  the  various  model  profiles  the  tro- 
popause  is  assumed  to  exist  at  some  nominal  altitude  but 
always  higher  than  9.6  km  for  a  mid-latitude  atmosphere. 
Therefore  this  30  km  value  represents,  effectively,  a  somewhat 
higher  altitude  where  all  models  predict  a  more  rapid  change 
in  mixing  ratio  with  altitude.  An  increase  in  altitude  of  only  5 
km  can  very  well  produce  the  significant  increase  in  NO,  at  30 
km  over  that  noted  for  25  km. 

Although  the  "official''  tropopause  heights  are  significantly 
different  for  the  two  flight  dates,  the  criteria  used  to  establish 
this  altitude  do  not  always  adequately  reflect  the  actual 
boundary  between  the  troposphere  and  stratosphere,  a  bound¬ 
ary  that  is  at  times  somewhat  diffuse  and  ill  defined  [Gallagher 
et  al..  1983].  In  fact,  the  example  presented  in  that  paper 
employs  the  altitude  temperature  profiles  from  these  two  dates 
and  illustrates  the  less  than  ideal  profile  for  May  1,  1980,  in 
comparison  to  April  28.  1980.  Although  the  official  tropo¬ 
pause  for  May  1  occurred  at  9.6  km,  the  absolute  minimum 
temperature  was  recorded  at  about  18  km.  thus  making  the 
tropopause  region  quite  diffuse  and  ill  defined;  nevertheless, 
the  NO,  measurements  for  that  day  tend  to  suppport  the 
official  tropopause  height. 

The  profiles  for  the  1981  flights  are  fairly  smooth,  the  prin¬ 
cipal  anomaly  being  the  20-km  value  for  NO,  on  May  31. 
What  is  most  atypical,  exclusive  of  that  one  measurement,  is 
the  "flatness”  of  the  profile,  i.e.,  there  is  little  variation  in 
mixing  ratio  with  altitude  for  either  NO  or  NO,.  As  is  shown 
below,  however,  similar  profiles  have  been  observed  elsewhere. 
On  May  31.  the  15-  and  12-km  samples  were  obtained  in  a 
strong  jet  stream  with  a  low  over  Hudson  Bay  evident  in  both 
the  100-  and  200-mbar  charts.  On  the  other  hand,  the  50-mbar 
chart  (i.e..  20.6  km)  exhibited  a  different  pressure  pattern  with 
a  light  ESE  wind  prevailing,  thus  suggesting  a  different  air 
mass  for  that  altitude. 

For  the  flight  of  June  4.  1981.  the  mbar  charts  showed  only 
rather  small  variations  between  the  10-,  30-.  and  50-mbar 
levels  with  a  high  near  the  central  United  States  Canadian 
border  and  light  easterlies  in  the  region  of  sampling.  The  cor¬ 
responding  NO  and  NO,  measurements  responded  similarly 
with  an  unusally  flat  response.  Conditions  that  prevailed  at  20 
km  on  May  31  and  June  4  were  not  too  dissimilar  (a  consis¬ 
tent  high  over  the  central  United  States),  but  again,  the  time 
factor  (4  days)  could  well  have  been  sufficient  to  result  in 
different  air  masses  with  significantly  different  NO,  mixing 
ratios  being  sampled.  Also,  some  diurnal  consideration  should 
be  factored  into  the  comparison  of  the  20-km  results. 

In  summary,  we  believe  that  through  analysis  of  the  air 
patterns  that  existed  at  the  sampling  times,  we  have  with  few 
exceptions  been  able  to  correlate  the  general  behavior  and, 
especially,  the  anomalies  in  the  NO  and  NO,  profiles  with  the 
identities  of  the  air  masses  at  adjacent  altitudes.  In  general,  a 
steeper  profile  than  that  predicted  by  the  models  prevails 


when  two  or  three  succeeding  samples  were  shown  to  have 
been  obtained  in  the  same  air  mass.  Also,  when  significant 
reversals  are  evident  in  the  profiles,  almost  invariably  they  are 
correlated  with  distinctly  different  wind  and  pressure  patterns 
on  the  corresponding  millibar  charts,  suggesting  a  boundary 
between  different  air  masses  between  the  two  sampling  alti¬ 
tudes.  This  supports  our  conclusion,  elaborated  upon  below, 
that  a  significant  data  base  at  a  given  location  and  time  of 
year  is  required  in  order  to  make  meaningful  comparison  be¬ 
tween  experimental  results  and  model  profiles.  Additional  con¬ 
siderations  include  the  effects  of  differences  in  time  (vJ  ly  to  day 
and  diurnal)  and  the  location  of  the  tropopause  height  and,  at 
the  lowest  altitudes  sampled,  the  risk  of  aircarft  emissions. 
These  additional  variables  combine  to  further  diminish  the 
reproducibility  of  suceeding  samplings  and  create  a  greater 
difficulty  in  comparing  data  with  the  ideal  condition- 
dependent  model  profiles  for  this  altitude  region. 

An  additional  complication  to  be  addressed  concerns  the 
role  of  peroxyacetyl  nitrate  (PAN)  in  the  region  of  the  lower 
altitude  samples.  PAN  has  been  suggested  as  an  important 
reservoir  for  oxides  of  nitrogen  [Singh  and  Hanst.  1981;  Aik  in 
el  al.,  1982,  1983],  PAN,  ethane,  and  other  nonmethane  hy¬ 
drocarbons  represent  significant  factors  in  the  transport  of 
combined  nitrogen  through  the  atmosphere,  yet  measurements 
of  these  species  in  this  region  are  scarce.  Aikin  et  al.  [1982] 
indicate  that  PAN  is  generated  throughout  the  troposphere 
and  lowc  stratosphere  and  has  a  long  lifetime  with  respect  to 
photolysis  and  ainout.  thermal  decomposition  being  the  gov¬ 
erning  factor  in  the  rate  of  destruction.  Aikin  et  ai.  [1982]  also 
indicate  that  a  fairly  significant  spread  in  NO  and  N02 
mixing  ratios  occur  below  abou«  1 5  km,  dependent  on  wheth¬ 
er  or  not  PAN  concentrations  are  at  the  high  or  low  end  of 
the  predictions  for  this  altitude  region  (although  the  absoiutr 
values  for  NO  ar.J  N02  are  somewhat  smaller  than  those 
reported  herein).  Also,  they  indicate  that  somewhat  significant 
variations  in  NO,  content  can  occur,  dependent  on  var.ous 
potential  concentrations  of  other  nonmethane  hydrocarbons. 
PAN  is  difficult  to  measure,  and  measurements  in  this  region 
are  practically  nonexistent.  Thus  effects  due  to  variations  in 
the  concentrations  of  such  species  content  at  the  relevant  alti¬ 
tudes  would  contribute  to  the  spread  in  NO  and  NO,  values 
at  the  12-  and  15-km  levels. 

Another  consideration  further  complicates  this  point,  i.e.  the 
data  spread  at  12  and  15  km.  Exhaust  gases  from  high-altitude 
aircraft  also  can  have  a  major  effect  on  the  local  chemistry. 
Many  of  our  lower  altitude  samples  were  obtained  downwind 
of  areas  known  to  experience  intense  levels  of  high-altitude 
aircraft  operations.  The  degree  of  such  effects  on  a  particular 
sample  is  impossible  to  determine.  A  coordinated,  controlled 
experiment  would  be  required  to  delineate  such  influences.  As 
concerns  our  current  data,  it  is  only  possible  to  speculate  that 
such  influences  did  exist.  The  total  of  such  emissions  is  not 
insignificant.  Recently.  Wuehhles  et  al.  [1983]  summarized  es¬ 
timates  of  past  and  future  aircraft  emissions  of  NO,  (as  NOz) 
to  altitudes  of  20  km.  For  example,  at  12  km.  northern  hemi¬ 
sphere  values  are  assumed  to  increase  linearly  from  about  50 
metric  tons  per  year  in  1975  to  over  300  metric  tons  per  year 
by  1990.  In  addition.  NO  and  N02  are  sensitive  to  trace 
concentrations  of  hydrocarbons  [Aikin  et  al.,  1982]  as  indicat¬ 
ed  above,  and  hydrocarbon  concentrations  in  the  vicinity  of 
and  below  the  tropopause  can  reflect  aircraft  emissions. 

Expanding  on  another  factor  mentioned  above,  the  dura¬ 
tion  of  sampling,  i.e.,  the  time  from  initiation  of  the  first  sam¬ 
pling  to  the  termination  of  the  third  sampling  at  the  final 
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altitude,  can  extend  over  a  period  of  as  much  as  5  hours, 
during  which  normal  diurnal  as  well  as  other  atmospheric 
variations  can  occur.  Furthermore,  the  three  samples  gathered 
on  most  AFGL  balloon  flights  were  obtained  over  a  signifi¬ 
cant  horizontal  range  that  for  some  flights  exceeded  300  km. 
The  point,  then,  is  that  although  this  time  frame  is  quite  ac¬ 
ceptable  for  the  generation  of  a  meaningful  measured  profile 
for  stable  species  [e.g.,  Gallagher  et  al.,  1983],  it  is  probably 
not  so  for  reactive  species. 

Keeping  all  these  factors  in  mind,  the  problem  becomes  how 
best  to  compare  measured  results  with  model  predictions  and 
with  experimental  results  reported  elsewhere.  From  the  pre¬ 
ceding  analysis,  it  is  concluded  that  it  is  more  appropriate  to 
compare  only  averages  of  experimental  results  with  model 
profiles,  since  the  latter  are  developed  for  invariant  nominal 
conditions.  This  situation  can  be  approximated  experimentally 
only  by  the  creation  of  a  sufficient  data  base  so  as  to  largely 
average  out  many  of  the  perturbing  influences.  Consistent 
with  this  conclusion,  the  emphasis  below  centers  on  compari¬ 
son  of  other  results  and  model  profiles  with  averages  of  AFGL 
data  from  one  location  obtained  at  approximately  the  same 
time  of  year  and  limited  to  a  period  of  only  a  few  years. 

With  the  above  in  mind,  the  AFGL  results  for  NO  from  our 
largest  data  base  (i.e.,  the  results  obtained  from  the  Holloman 
Air  Force  Base  (HAFB)  flights  conducted  between  1979  and 
1981)  are  compared  with  representative  values  obtained  else¬ 
where  as  shown  in  Figure  3.  The  comparison  data  were  ob¬ 
tained  from  a  variety  of  experimental  approaches  including 
balloon-  and  rocket-borne  chemiluminescence  analyzers  and 
from  various  spectral  observations.  Of  course,  latitudinal,  sea¬ 
sonal.  and  diurnal  differences  occur  among  the  various  obser¬ 
vations  obtained  elsewhere,  but  we  have  attempted  to  com¬ 
pare  data  obtained  only  under  conditions  not  dramatically 
different  from  these  under  which  our  data  were  collected.  In 
what  follows,  we  point  out  the  more  salient  features  relevant 
to  these  observations  and  cite  individual  papers  for  particu¬ 
lars. 

Roy  et  al.  [1980]  employed  a  balloon-borne  chemilumi¬ 
nescence  detector  to  obtain  vertical  profiles  of  NO  in  the 
stratosphere.  Two  flights  were  conducted  from  Australia 
(34  S)  and  one  flight  from  Texas  (32  N).  Resultant  profiles 
from  both  locations  are  in  good  agreement.  The  authors  sug¬ 
gest  the  distribution  of  nitric  oxide  at  low  latitudes  may  be 
symmetric  about  the  equator.  An  average  profile  constructed 
from  their  results  is  included  in  Figure  3.  No  Texas  data  are 
available  below  about  15  km.  Data  were  obtained  primarily 
on  ascent,  and  the  more  limited  data  obtained  on  parachute 
descent  are  considered  by  the  authors  to  be  less  accurate  and 
thus  were  not  included  in  preparing  the  average  profile  dis¬ 
played  in  Figure  3. 

Ridley  and  Hastie  [1981]  obtained  values  for  NO  at  5 I  N 
using  a  balloon-borne  chemiluminescence  instrument.  Profiles 
from  two  of  those  flights  are  contained  in  Figure  3.  Profile  A 
was  obtained  on  August  19,  1976,  and  profile  B  on  August  28, 
1976.  Although  the  authors  obtained  closely  spaced  discrete 
data  points,  the  results  have  been  plotted  in  Figure  3  as  con¬ 
tinuous  curves  for  convenience.  A  leak  occurred  in  the  balloon 
for  the  earlier  (A)  flight,  and  the  authors  expressed  a  lower 
degree  of  confidence  in  that  data. 

Blather* ick  et  al.  f  1 980]  obtained  infrared  solar  spectra  at 
-  002  cm  '  resolutions  at  sunset  from  a  balloon  platform. 
Six  scans,  each  for  a  different  solar  zenith  angle,  were  all  ob¬ 
tained  at  33  km.  From  the  resulting  spectra  and  a  simple 
photochemical  model,  they  derived  simultaneous  values  of 
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Fig.  3.  Average  of  results  for  NO  from  Holloman  Air  Force  Base, 
New  Mexico,  1979-1981.  compared  with  representative  results  from 
other  experiments  (for  details,  see  text). 

mixing  ratio  profiles  of  NO  and  N02.  Values  for  NO  from 
five  of  the  six  layers  are  shown  in  Figure  3.  The  lowest  layer  is 
just  off  scale  at  0.098  ppbv. 

A  rocket-borne,  parachute-deployed  chemiluminescence  in¬ 
strument  provided  Horvath  et  al.  [1983]  with  nitric  oxide  pro¬ 
files  covering  the  range  30-50  km.  Their  average  mid-latitude 
data  are  included  in  Figure  3  for  altitudes  of  30  and  35  km. 
They  point  out  that  the  summertime  spread  in  data  at  30  km 
(as  well  as  at  40  km)  is  very  large. 

The  Oxford  balloon-borne  pressure  modulator  radiometer 
was  used  to  provide  altitude  profiles  of  NO  and  NOz  simulta¬ 
neously,  from  mid-morning  till  sunset  [Roscoe  et  al..  1981]. 
Mixing  ratio  profiles  averaged  for  the  entire  daytime  flight  of 
September  20,  1978,  at  Palestine,  Texas  (32°N),  are  presented 
for  the  20-  to  over  50-km  altitude  range,  and  the  portion  of 
the  NO  profile  below  35  km  is  reproduced  in  Figure  3. 

Figure  4  contains  the  NO  +  N02  values  corresponding  to 
the  NO  data  presented  in  Figure  3  for  those  investigations 
that  provided  simultaneous  determinations  of  NO  and  N02. 
Unfortunately,  no  such  profiles  exist  which  correspond  to  the 
three  NO  profiles  that  most  closely  match  the  AFGL  data  in 
Figure  3.  However,  the  values  of  NO  for  all  three  of  those 
curves  in  the  17-  to  20-km  range  are  alone,  close  to,  or  already 
higher  than  the  NO  +  N02  values  reported  by  Blatherwick, 
and  a  comparison  with  Roscoe's  NO  +  N02  results  exhibits 
an  even  greater  difference  in  the  same  sense. 

Mount  et  al.  [1984]  reported  daytime  measurements  of 
N02  for  the  20-  to  40-km  region  over  nearly  the  complete 
latitudinal  range,  based  on  N02  absorption  in  sunlight  scat¬ 
tered  from  the  atmosphere  and  as  observed  by  a  visible  light 
spectrometer  on  board  the  Solar  Mesospheric  Explorer  (SME) 
spacecraft.  They  noted  good  agreement  with  several  other 
measurements,  including  some  cited  here. 

Figure  5  contains  a  plot  of  the  N02/NO  ratio  as  a  function 
of  altitude  for  the  average  of  all  our  mid-latitude  (33  -45  N) 
data.  The  figure  also  includes  the  envelope  for  the  calculated 
ratio  obtained  by  Ridley  and  Hastie  [1981]  assuming  a  photo- 
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Fig.  4.  Average  of  results  for  NO  +  N02  from  Holloman  Air 
Force  Base.  New  Mexico,  1979-1981,  compared  with  results  from 
others  cited  in  Figure  3  who  provided  data  for  both  NO  and  N02. 

chemical  steady  state  situation.  The  envelope  allows  for  a 
±20%  uncertainty  in  the  photodissociation  coefficient  of 
N02.  These  authors  also  combined  their  NO  results  with 
N02  data  obtained  from  a  separate  experiment  to  produce 
their  measured  N02/N0  values  shown  in  Figure  5.  Since  they 
used  two  separate  values  for  N02  at  each  altitude,  the  ranges 
of  their  determinations  are  illustrated  using  horizontal  bars. 
The  NO  and  N02  data  of  Roscoe  et  al.  [1981]  yield  the  curve 
in  Figure  5  which  greatly  exceeds  the  scale  limit  below  30  km. 
The  Blatherwick  data  from  Figures  3  and  4  produce  the  verti¬ 
cal  bars.  The  AFGL  results  are  seen  to  be  close  to  and  gener¬ 
ally  bracketed  by  all  the  comparison  results.  All  of  the  mea¬ 
sured  results  exceed  model  predictions  below  about  25  km. 
Ridley  and  Hastie  [1981]  point  out  that  the  calculated  range 
does  not  include  the  uncertainty  in  the  rate  coefficients,  kN0/0j, 
or  in  the  measurements  of  certain  parameters  such  as  03  and 
temperature.  Other  factors  that  affect  comparison  between  our 
results  and  atmospheric  models  have  been  discussed  already. 
The  NO  +  NOj  values  implied  by  the  Ridley  and  Hastie  data 
from  Figure  5  are  more  consistent  with  the  AFGL  data  than 
with  the  model  profiles  at  the  lower  altitudes  in  Figure  4. 

The  AFGL  balloon  flights  were  conducted  from  various 
launch  sites  in  order  to  assess  latitudinal  dependence  for  the 
species  studied.  Comparison  of  the  averages  of  all  mid-latitude 
data  (primarily  obtained  in  the  late  spring  and  summer)  with 
the  limited  results  from  Alaska  and  Panama  (spring)  failed  to 
indicate  any  clear  trend  common  to  all  altitudes,  but  did  sug¬ 
gest  a  mid-latitude  diminution  for  NO  throughout  the  altitude 
range  and  increasing  N02  with  increasing  latitude  only  for  the 
higher  altitudes.  The  NO  results  contradict  the  18-  and  21 -km 
spring  observations  and  two-dimensional  model  predictions 
reported  by  Lowenstein  et  al.  [1978],  Of  course,  as  indicated 
above,  more  than  one  set  of  data  is  required  at  a  given  lo¬ 
cation  in  order  to  be  able  to  construct  a  representative  profile 
for  that  location  for  reactive  species,  and  results  from  only  a 
single  series  are  available  for  Alaska  and  Panama.  The  AFGL 
flight  demonstrated  latitudinal  dependence  for  several  stable 


trace  species  [ Gallagher  et  al.,  1983]  for  which  diurnal  and 
other  natural  variables  are  less  significant  and  for  which  the 
measurement  uncertainty  is  also  less. 

HN03  plays  a  significant  role  in  both  the  stratospheric  odd 
nitrogen  and  oxygen  budgets,  but  HNO}  measurements  were 
not  included  in  our  program.  Coffey  et  al.  [1981]  have  sum¬ 
marized  results  from  various  measurements  of  stratospheric 
HN03  (as  well  as  NO,).  The  range  of  HN03  values  within  the 
12-  to  20-km  altitude  band  varies  by  more  than  an  order  of 
magnitude.  Thus  the  total  odd  nitrogen  content  at  these  alti¬ 
tudes  can  be  the  same  if  a  high  NO,  content  is  coincident  with 
a  low  HN03  content  and  vice  versa. 

The  averages  of  our  NO  and  NO  +  N02  results  from  the 
Holloman  Air  Force  Base  flights,  1979-1981,  have  been  evalu¬ 
ated  in  terms  of  four  representative  models  (three  two- 
dimensional  models  and  a  single  one-dimensional  model). 
Figure  6  presents  the  AFGL  data  for  NO  and  NO  +  N02 
from  Figures  3  and  4  along  with  profiles  from  three  of  the 
models.  Sze  et  al.  [1982]  developed  a  one-dimensional,  steady 
state  model  with  photochemical  equilibrium  applied  to  NO 
and  N02.  It  predicts  a  greater  abundance  of  NO  than  was 
predicted  previously  by  the  model,  the  change  being  a  conse¬ 
quence  of  downward  revisions  in  the  predicted  OH  abundance 
below  30  km. 

A  major  stratospheric  sink  for  N02  is  the  reaction  with 
OH.  The  reaction  rates  for 

OH  +  HNOj—  H20  +  N03 
and 

OH  +  HNO,— ►  H20  +  products 

have  been  revised  upward  [see,  e.g.,  Sze  et  al.,  1980],  The 
dominant  sinks  for  HO,  below  30  km  are  therefore  now  af¬ 
fected  by  these  reactions.  The  reaction : 

oh  +  ho2-h2o  +  o2 

was  thought  to  be  the  major  sink  for  stratospheric  HO,,  and 
the  lack  of  data  below  30  km  prevented  confirmation  of  the 


NOj /NO 

Fig.  5.  N02  NO  ratios  for  the  averages  of  our  mid-latitude  re¬ 
sults  (circles)  are  compared  with  results  reported  by  Ridley  and  Hastie 
[1981]  (horizontal  bars)  and  as  determined  from  results  reported  by 
Blatherwick  et  al.  [1980]  (vertical  bars).  The  solid  curve  is  based  on 
results  reported  by  Roscoe  et  al.  [1981],  The  envelope  of  the  ratios 
predicted  by  a  photochemical  model  \_Ridley  and  Hastie.  I98IJ 
(dashed  lines)  is  included  for  comparison. 
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Fig.  6.  NO  and  NO  +  N02  averages  from  Holloman  Air  Force 
Base  (HAFB)  flights,  1979-1981,  are  compared  with  profiles  from  one- 
and  two-dimensional  models. 


model  in  this  region.  More  recent  models  assume  that  the  OH 
abundance  below  30  km  was  overestimated,  and  new  labora¬ 
tory  measurements  support  this  hypothesis.  As  a  result  of 
these  studies,  the  predicted  OH  concentration  below  30  km  is 
about  a  factor  of  2  to  3  smaller  than  predicted  by  earlier 
models.  With  lower  values  for  OH  below  30  km,  and  with  OH 
being  a  major  sink  for  N02  via  the  reaction,  OH  +  NOj, 
significantly  higher  NO  and  NO,  concentrations  in  the  strato¬ 
sphere  below  30  km  are  expected,  a  conclusion  corroborated 
by  our  results.  In  any  case,  a  high  level  of  agreement  cannot 
be  expected  between  any  single  measurement  and  one¬ 
dimensional  model  predictions  due  to  the  significant  horizon¬ 
tal  transport. 

Sze  et  al.  [1982]  also  developed  a  two-dimensional  model  to 
simulate  the  zonal-mean  behavior  of  atmospheric  trace  gases. 
A  slight  update  of  the  published  model  is  included  in  Figure  6. 
Although  a  two-dimensional  model  has  the  advantage  of 
simulating  atmospheric  latitudinal  gradients  and  seasonal  be¬ 
havior,  current  models  are  not  completely  developed  from  first 
principles.  Transport  is  partly  parameterized  by  eddy  diffusion 
coefficients  derived  from  other  observations.  Since  our  obser¬ 
vations  at  12  and  IS  km  are  larger  than  most  such  observa¬ 
tions  reported  elsewhere,  it  may  not  be  surprising  that  the 
models  do  not  closely  agree  with  our  observations  at  these 
altitudes. 

Miller  et  al.  [1981]  developed  a  two-dimensional  model  of 
the  stratosphere  with  30  active  species.  Most  species  are  trans¬ 
ported  and  calculated  separately,  with  the  transport  scheme 
containing  both  diffusive  and  advective  terms.  The  authors 
point  out  significant  discrepancies  between  experiment  and 
theory  for  the  oxides  of  nitrogen 

Garda  ami  Solomon  [1983]  developed  a  two-dimensional, 
time-dependent  model  to  study  the  zonal) y  averaged  structure 
of  the  middle  atmosphere,  allowing  interaction  among  dynam¬ 
ics,  radiation,  and  photochemistry  They  point  out.  as  have 
others,  that  one -dimensional  models  do  not  include  the  effect 
of  meridional  transport  Their  model  profile  f.w  NO  at  32  N 
exhibits  an  annual  range  of  roughlv  I  '  2  ppfiv  at  30  km  hut 


drops  below  1  ppbv  in  the  25-  to  28-km  range.  Thus  although 
the  model  provides  a  fairly  close  match  to  our  measured 
averages  at  25  and  30  km  (see  Figure  6),  it  provides  a  poorer 
match  to  the  lower  altitude  measurements  than  do  the  models 
illustrated.  The  high-latitude  (75°N)  NO  profile  exhibits  con¬ 
siderable  seasonal  variability  at  the  higher  altitudes  (40-100 
km)  but  remains  constant  at  about  5  ppbv  at  30  km  and 
decreases  to  about  1.3  ppbv  at  20  km.  This  behavior  is  not  too 
different  than  the  single  profile  obtained  by  AFGL  at  64°N. 
The  greater  NO  densities  in  the  lower  stratosphere  in  summer 
at  the  higher  latitudes  are  attributed  to  downward  advection 
from  the  upper  stratosphere  of  air  rich  in  NO,.  At  low  lati¬ 
tudes,  NO  densities  are  thought  to  be  low,  since  rising  motion 
there,  as  postulated,  advects  air  of  low  NO,  content  from  the 
tropical  tropopause.  Such  predictions,  however,  are  at  vari¬ 
ance  with  our  limited  data  from  9°N.  The  subject  report  does 
not  include  the  corresponding  N02  profiles,  although  it  is 
pointed  out  that  large  values  occur  at  high  latitudes  in  the 
lower  stratosphere  primarily  due  to  the  advection  of  NO, 
from  the  upper  stratosphere,  a  variation  consistent  with  our 
limited  measurements  at  64°N. 

4.  Conclusions 

Measurements  of  the  mixing  ratios  of  the  stratospheric  trace 
gas  species  NO  and  NO,  have  been  obtained  using  a  direct 
sampling  method,  one  of  the  few  such  methods  that  provides 
NO  and  NO,  values  simultaneously.  Coverage  of  several  alti¬ 
tudes  and  latitudes  contributes  to  the  data  base  that  permits 
comparison  with,  and  possibly  updating  of,  stratospheric 
models  relative  to  transport  and  chemistry.  Since  the  mea¬ 
sured  values  are  generally  greater  than  those  predicted  by 
most  models  for  the  lower  regions  of  the  stratosphere,  they 
suggest  that  for  a  given  N02  injection,  the  percentage  change 
in  stratospheric  NO,  from  such  a  perturbation  should  be  even 
less  significant  than  would  be  the  case  if  a  lower  background 
concentration  prevailed. 

Although  most  other  mixing  ratios  reported  in  the  literature 
are  lower  than  those  reported  here,  particularly  below  20  km, 
other  results  similar  to  ours  have  also  been  cited.  This  sup¬ 
ports  our  conclusion  that  significant  variability  in  strato¬ 
spheric  NO  and  N02  mixing  ratios  exists,  with  the  ranges  well 
exceeding  anything  attributable  merely  to  experimental  error. 
Much  of  the  variability  in  our  data  has  been  successfully  cor¬ 
related  with  variations  in  atmospheric  motions  determined 
from  the  relevant  pressure  and  wind  patterns.  This  strongly 
suggests  that  only  averages  from  a  series  of  experimental  pro¬ 
files  obtained  under  similar  seasonal  and  diurnal  conditions 
should  be  used  for  inputs  to,  and  comparison  with,  model 
profiles  for  reactive  species  such  as  the  oxides  of  nitrogen.  The 
effects  of  transport  on  the  abundances  of  the  oxides  of  ni¬ 
trogen  have  been  discussed  at  length  by  others  as  referenced 
above.  Also  our  results  show  that  the  more  nearly  the  same  air 
patterns  persist  over  a  wide  altitude  band,  the  steeper  are  the 
mixing  ratio  profiles  for  that  flight.  This  is  suggestive  of  sig¬ 
nificant  uniformity  in  NO,  mixing  ratios  within  a  given  air 
mass,  somewhat  regardless  of  altitude,  at  least  for  the  altitude 
range  reported  herein.  Additional  complications  due  to  the 
role  of  PAN  in  the  vicinity  of  the  tropopause,  plus  variations 
in  tropopause  height  and,  to  a  lesser  extent,  the  diurnal,  sea¬ 
sonal,  and  horizontal  trajectory,  all  combine  to  influence  the 
measured  profiles  and  comparisons  with  model  profiles.  Add 
to  this  the  local  variable  of  aircraft  injections  at  the  lowest 
altitudes,  and  a  further  variance  in  data  is  inevitable.  With 
limited  observations,  latitudinal  variations  were  not  clear  cut 
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and  differed  from  other  reported  observations  and  model  pre¬ 
dictions. 
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